Silica rich volcanic glass is investigated by selected area electron diffraction (SAED) and high resolution electron microscopy (HRTEM), and nanostructural characterisation is presented. In freshly crushed glass shards the presence of amorphous and randomly oriented nanocrystalline component was detected, the latter one enriched in iron with respect to the amorphous regions. To interpret the iron containing nanocrystalline structure, model clusters of different size, shape and composition were constructed and used to calculate scattered electron intensity. According to our calculations, already a single ring of six interconnected SiO 4 tetrahedra results a separate broad peak at ~5 Å which reflects nicely the main diffraction feature of amorphous silica. Inserting two dimensional iron array between two neighbouring silica layers produces a less compact structure and the first diffraction peak shifts towards larger values with respect to the pure silica. For smaller clusters (number of atoms<250) first peak position shows a remarkable dependence on the structure and size of the cluster. The pair distribution analysis of SAED and HRTEM data indicates a certain degree of ordering with a domain size of ~2nm.
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Introduction
Under ambient conditions, volcanic glass alteration occurs through chemical weathering. The formation of the alteration products mainly depends on interacting water chemistry (Christidis, 2008) and water exposure conditions (e.g. Friedman, Long, 1984 , Yokoyama et al. 2008 , Hellmann et al. 2012 , however the role of the biological activity can also be decisive (Barker, Banfield, 1996 , Alt, Mata, 2000 , Cuadros et al. 2013a . Specific surface and original water content of the volcanic glass affect the dynamics of the alteration as well, thus volcanic glasses like pumice or perlite tends to alter at a higher rate than obsidian does.
At ambient conditions, alteration of silicate minerals mostly occurs via hydration which results hydrated layered silicates, mostly smectites, allophane (Hiradata, Wada, 2005) and other clay minerals (Brownlow, 1996) . "Primitive clay" formation on the surface of glass and feldspar has been observed by HRTEM (Tazaki, 1989 (Tazaki, , 1992 . Clay minerals formed during weathering are widely investigated for a long time (e.g. Banfield et al. 1991 , de la Fuente et al. 2000 , Kawano, Tomita 2001 , for overview Velde, Meunier, 2008 . At the same time, complete weathering of obsidian into quartz and alunite on a few years timescale, accompanied by supressed clay formation, was also reported recently (Cuadros et al. 2012 ). This observation indicates that alteration processes can be extremely variable due to a simultaneous control of structural and compositional properties of the source material and environmental factors. Thus, the knowledge of the nanostructure in different stages of the alteration A C C E P T E D M A N U S C R I P T glass (for overview see Wright 1994) .
In silica glass, theoretical considerations (Gaskell, Wallis 1996) , medium range infrared spectra (Görlich 1977, Blaszczak and Görlich 1977) , neutron total scattering measurements (Keen, Dove 1999 and computer simulations (Gladden 1990 , Dove et al. 2000 conclude a certain medium range order (MRO) which shows similarities with structural features of the high temperature forms of cristobalite and tridymite over a length scale up to 10 or 20 Å, based on diffraction and specroscopic measurements, respectively. This domain structure theory has recently been visualized by high resolution transmission electron microscopy (HRTEM) in case of two-dimensional amorphous silica (Huang et al. 2012) . HRTEM allowed direct imaging of silica rings and determination of ring statistics.
It has also been proven that the amorphous silica is composed of different regions ranging from predominantly nanocrystalline to prediminantly amorphous (Huang et al. 2012 ). Theories and experimental evidences for crystallite-like ordering in network glasses is summarized by Wright (2014) .
In this paper we present a detailed nanostructural characterization of a slightly altered rhyolitic volcanic glass, based on TEM methods. Evidences for a few nm scale structural ordering accompanied by increased iron content with respect to the amorphous component have been detected. We give a step-by-step description of the SAED identification of the randomly oriented nanocrystalline component of the volcanic glass and demonstrate that it is dissimilar to smectite clay structure.
Experimental data are interpreted by calculating electron scattering curves for silica based nanoclusters of different size, shape and composition.
Material and experimental methods
The studied high silica containing rhyolitic volcanic glass is a pumice sample from Tokaj Mts., Hungary (Mineralogical Collection, Eötvös University, Budapest). X-ray powder diffraction (XRPD)
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A C C E P T E D M A N U S C R I P T analysis performed by a Philips PW1710 X-ray diffractometer using CuKα radiation at 45 kV and 35 mA and graphite monocromator was carried out to determine the main constituent of the pumice sample. For local structural characterization SAED and HRTEM imaging were performed. Sample preparation was carried out according to the generally established practice (e.g. Sehn et al. 2016) . So that, the pumice sample was broken into small parts and examined under binocular microscope. From the debris, fragments showing characteristic glassy fracture were selected for transmission electron microscope (TEM) study. By this procedure we deselected optically distinguishable crystalline parts from the pumice and focused on the glassy component of the rock. Tiny shards of this volcanic glass were carefully ground under ethanol to produce electron transparent pieces and a droplet of the resulting suspension was deposited onto a lacey carbon covered Cu-grid (Ted Pella).
To measure the position of the diffraction rings on SAED patterns with high accuracy, we applied the internal standard method (Figure 1 ) on a separate TEM specimen prepared as follows. A few nm thick nanocrystalline film was evaporated onto the bottom side of an ultrathin carbon covered Cu-grid, while on the top side a droplet of the sample suspension was deposited. The SAED pattern taken from this specimen contains not only the scattered intensity of the studied material but the diffraction rings of the nanocrystalline gold internal standard as well. This sample preparation method allows us to calibrate the camera length using a single SAED pattern ( Figure 1b) and to increase the accuracy of the d-values by approximately an order of magnitude (Sáfrán 2013 ). We applied gold as an internal standard, because, although being a strong scatterer, it produces stable and well defined diffraction rings without the risk of contamination (e.g. oxidation) which is essential for the exact measurement of the position of diffraction maxima.
A C C E P T E D M A N U S C R I P T The interplanar spacings in the NC component compared to some relevant structures are given in Table   2 . (Sato, 1963) and β-cristobalite (Peacor, 1973) ACCEPTED MANUSCRIPT
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Smectites are characterized by random rotation of subsequent layers (turbostratic structure)
which cannot be recognized unambiguously from a diffraction pattern taken from a single projection.
Thus, to check if the ring diffraction patterns result from turbostratic smectite, tilt experiments were carried out in the range 0-40°. Turbostratic structure produces ring diffraction pattern only if the electron beam is parallel to the layer normal, in case of smectites to [001]*. By tilting the sample out of this position texture pattern develops: the intensity distribution along the diffraction rings and the shape of the rings themselves gradually changes to produce arcs and at certain angles diffraction spots appear.
Natural smectites often show smearing of the diffraction ring when tilted out from hk0 projection (e.g. Zvyagin, 1967) . On the other hand, in case of random nanocrystals, the shape of the diffraction rings remains circular independently of the orientation of the sample, however, intensity distribution may change along the ring with tilt angle, depending on the actual orientation of the nanocrystals. By tilt experiments we were able to distinguish some particles showing smeared diffraction rings at 40°, which were identified as smectites, but the majority of the examined particles proved to be randomly oriented nanocrystal (Figure 4) .
A C C E P T E D M
A N U S C R I P T Figure 4: SAED patterns at tilt angles of 0°, 20° and 40° from a particle with randomly oriented nanocrystalline structure (top row) and a smectite particle (bottom row). In case of smectite, smearing of the diffraction rings is evident at 40° tilt.
To quantify the characteristics of the ring diffraction patterns obtained from the NC component, distribution of the diffracted intensity along the innermost diffraction ring was analysed. Intensity was azimuthally integrated along the ring in a 30 px wide band at 0º, 20º and 40º tilt angle and plotted as a function of position ( Figure 5 ). The average intensity value is drawn as straight line for every intensity curve. The measured intensities oscillate uniformly around their average values in the whole range ACCEPTED MANUSCRIPT
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(from 0º to 360º on Figure 5 ) with a standard deviation of 9.6 %, 7% and 30% for cases of 0º, 20º and 40º tilt angles, respectively which supports the random orientation of nanocrystals. (Here we note that at 40º tilt a smaller area limiting aperture was used to preserve locality and reduce the effect of the steep change of specimen height. The selected area in this case was 50 nm of diameter, which causes smaller number of coherently diffracting domains, and thus, lower overall values of intensity and higher standard deviation.) Local maximum values (some of them are marked by arrows) are from coherently scattering domains of different size. 60º radial distance between individual maxima is frequent implying hexagonal symmetry inside the nanocrystals. Intensity analysis proved a uniform fluctuation around an average value in case of 0º, 20º and 40º tilt as well, which evidences random nanocrystalline structure. 
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images, Fd3m (β-) cristobalite was used to generate the atomic coordinates of the input clusters for the calculations. This choice is also supported by our present knowledge about the structure of silica glass.
According to X-ray powder diffraction based pair correlation analysis (Gerber, Himmel, 1986) , Raman (Sigaev et al. 1999 ) and middle range infrared (Sitarz et al. 2000 ) spectroscopy data and neutron total scattering measurements (Keen, Dove 1999 , the structure of amorphous silica over the length scale of up to 10 Å has similarities with that of β-cristobalite. The atomic coordinates of our clusters
were not optimized for energy minimum, because the clusters are nor freestanding but embedded in the amorphous matrix. 
interconnected SiO 4 tetrahedra. According to the insert of Figure 7a already two interconnected tetrahedra produce some increase in the scattered intensity around ~2 Å and ~1.3 Å. Increasing the cluster size a broad intensity maximum appears around ~1.7 Å as well. These intensity maxima coincide with Bragg peak positions produced by distances between oxygen planes of close packed silica structures and invoke the cristobalite "quasi Bragg" planes discussed by Gaskell and Wallis (1996) . At around 5 Å a shoulder appears on the scattered intensity curve calculated for 4 interconnected tetrahedra and becomes more distinct with increasing cluster size. If the tetrahedra are connected to form hexagonal ring the ~5-4.5 Å peak dominates the intensity curve and it shifts towards smaller values for larger cluster size (Figure 7b ). The position of this peak is in good agreement with the maximum of the main halo measured on the amorphous SAED patterns and supports that the scattering curve of a single ring reflects nicely the main structural feature of the amorphous regions which is consistent with interpretations of infrared spectroscopy studies (Sitarz et al. 1999 , Sitarz 2011 . Increasing cluster size is accompanied by the enhancement of the Bragg peaks of the crystalline structure (Figure 6b ).
Scattering by Fe-containing clusters
Cormier and coworkers (e.g. Cormier et al. 1996 Cormier et al. , 2014 investigated the local environment of transition elements in silicate and borate glasses. Their extended X-ray absorption spectroscopy (EXAFS) and neutron scattering measurements allowed to conclude a considerable cation-cation correlation in corner or edge sharing polyhedra and the development of two-dimensional domains of cations. Based on these results we calculated the scattered electron intensity for iron-containing silica clusters which were generated from β-cristobalite. Iron was inserted into the structure as a twodimensional hexagonal array of edge sharing FeO 6 polyhedra between two neighbouring silica layers. Table 2 ). This tendency can be explained with the decrease of surface-to-volume ratio, and in connection, lower proportion of incomplete rings, and formation of crystalline planes creating Bragg reflections. The larger values obtained for Fe-containing clusters are due to a less compact structure, which has been formed by the insertion of the iron array in between the silica layers.
Similarities between experimental (Figure 3c ) and calculated electron scattering curves is evident which indicates that the inherent structural feature of the random nanocrystalline domains is the formation of six membered rings of SiO 4 tetrahedra. Taking advantage of the accuracy of the experimental peak positions further conclusions can be drawn. According to calculations, iron incorporation into the structure induces peak shift from 4.35 Å of silica up to ~4.8 Å (Figure 8b ). Thus, we argue that the measured value of 4.45 Å is therefore an indication of the iron content with a presumable cristobalite-related environment. As the investigated volume of material is nx0.01 µm 3 , we also propose that more than one structure type may coexist, and in this case, the measured 4.45 Å peak
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A C C E P T E D M A N U S C R I P T position can be explained as an average position, which may vary with the iron content, i.e. cristobalite to Fe-cristobalite (or Fe-smectite) ratio inside the diffracting volume. Indeed, the exact nature of silica layer sandwiching the iron array cannot be stated unambiguously, because the main difference between
Fe-smectite and Fe-cristobalite relies in the 00l reflections (Dódony et al. 2016) .
Regarding the exact position of the first diffraction peak a remarkable dependence on cluster size was observed. Cluster size dependence of diffraction peak positions was reported for planar carbon structures as well, and utilized to derive information on cluster size (Czigany, Hultman 2010). A peak shift up to ±10% was observed in the calculated scattering curves of graphite and graphene nanoclusters with positions approximating the Bragg positions of crystalline graphite with increasing cluster size. In our case, due the calibrated experimental peak position 4.45 Å we estimate that the average size of the random nanocrystalline domains doesn't exceed 250 atoms which means an approximate maximum diameter of 2 nm. In terms of hexagonal rings, this size corresponds to ca. 7 neighbouring rings and agrees with the domain size observed on HRTEM images and the correlation length deduced from pair distribution analysis.
Conclusions
The nanostructural characterization of slightly altered silica rich volcanic glass supports the glass domain structure theory of silicate glasses developed based on spectroscopic and diffraction experiments (e.g. Blaszczak, Görlich 1977 , Keen, Dove 2000 . According to electron diffraction analysis, HRTEM images, and EDS measurements, randomly oriented nanocrystalline and amorphous components were identified. The nanocrystalline component has an approximate domain size around 2 nm and enriched in iron with respect to the amorphous component. The randomly oriented character has been revealed by SAED tilt experiments and the non-smectitic structure was proven. To interpret these SAED patterns, several model clusters were constructed and scattering curves were calculated.
A C C E P T E D M A N U S C R I P T
Domains of silica rings has been deduced from electron diffraction measurements. According to our calculations, already a single ring of six interconnected SiO 4 tetrahedra results a separate broad peak at ~5 Å which reflects the main structural feature of amorphous silica. Inserting a two dimensional array of iron between two neighbouring silica layers leads to a shift of the first diffraction peak towards larger values with respect to the pure silica. The shift is larger for Fe-smectite structure (4.76 Å), and it is moderate for Fe-cristobalite (4.54 Å). We propose that Fe incorporation can enhance ordering of the highly polymerized silicate structure while preserving its original cristobalite-like MRO.
Based on the calculations, we conclude that two-dimensional array of iron atoms, sandwiched by silica layers can explain the SAED ring patterns produced by the random nanocrystalline component  Nanocrystalline and amorphous components are distinguished within rhyolitic volcanic glass using electron diffraction and high resolution electron microscopy.
 Nanocrystalline component is enriched in iron with respect to the amorphous component.
 Electron diffraction tilt experiments prove that nanocrystalline component is randomly oriented with cristobalie-related structure.
 Calculated electron scattering curves indicate that the position of the first diffraction peak has a remarkable dependence on cluster size and iron content.
